To determine whether ecotropic murine leukemia virus (MuLV) envelope glycoproteins are sufficient to cause cell-to-cell fusion when expressed in the absence of virus production, we used an ecotropic MuLV, AKV, to construc env expression vectors that lack the gag and pal genes. The rat cell Une XC, which undergoes cell-to-cell fusion upon infection with ecotropic MuLV, was transfected with wild-type env expression vectors, and high levels of syncytium formation resulted. Transfection of the murine cell line NIH 3T3 with expression vectors containing the wild-type or mutated env region did not result in syncytium formation. Immunoprecipitation analysis of the envelope glycoproteins expressed in NIH 3T3 and XC cells showed that the mature surface glycoprotein expressed in XC cells was of a much lower apparent molecular weight than that expressed in NIH 3T3 cells. Further characterization showed that most if not all of this difference was the result of differences in glycosylation. Finally, site-directed mutagenesis was used to introduce several conservative and nonconservative changes into the amino-terminal region of the transmembrane protein. Analysis of the effect of these mutations confirmed that this region is a fusion domain.
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Retroviruses are enveloped viruses that carry virally encoded glycoprotein spikes on their surfaces. These envelope glycoproteins (env-gp) are synthesized as polyprotein precursors (pre-env) that are cleaved by an unidentified cellular protease(s) into the mature surface protein (SU) and transmembrane protein (TM) (39) . Pre-env, SU, and TM of murine leukemia viruses (MuLVs) have apparent molecular masses of 85, 70, and 15 kDa, respectively (38) . Retroviral env-gp are critically involved in the entry of the viruses into host cells, since they recognize and bind cell surface receptors and are required for fusion of the viral envelope and host membranes. The fusion event can take place at the cell surface or in cellular vesicles following endocytosis of the virion. In either case, the fusion of cellular and viral membranes deposits the nucleocapsid into the cytoplasm of the cell. In addition to allowing viral entry, fusion mediated by viral surface proteins can, under various conditions, cause cell-to-cell fusion, resulting in the formation of multinucleate giant cells (also referred to as polykaryons or syncytia). Syncytium formation is thought to arise by at least two routes. A single virion can simultaneously fuse with two cells (fusion from without), or an infected cell that expresses viral env-gp on its cell surface can fuse with an adjacent cell (fusion from within) (40) .
Fusion mediated by the surface proteins of orthomyxoviruses and paramyxoviruses has been studied for a number of years, with influenza virus in particular being widely regarded as the model system for viral fusion (for reviews, see references 25, 37, 40, 41) . Retroviruses reported to induce cell-to-cell fusion include feline viruses (feline leukemia virus and RD-114 [18] ), mouse mammary tumor virus (only at an acidic pH [31] ), reticuloendotheliosis virus, an avian virus (only transiently following transfection of env-gp expression plasmids into dog cells [6] ), and human and simian immunodeficiency viruses (see Discussion). Ecotropic * Corresponding author.
t Deceased. MuLVs only induce syncytium formation under altered growth conditions, such as those following the addition of amphotericin B (28), following protease treatment (3), or in certain rat cell lines (33, 42) . The advent of the AIDS epidemic has resulted in inreased interest in the mechanism of viral entry and cell-to-cell fusion induced by human immunodeficiency virus type 1 (HIV-1) and other retroviruses (for a review, see reference 11). While the mechanism by which viral env-gp induce membrane fusion has yet to be elucidated, the study of these systems has resulted in the identification of proteins involved in viral fusion (hemagglutinin of influenza virus and gp4l of HIV-1) as well as the characterization of functional domains of these proteins (4, 7-9, 14, 22) . Additionally, this previous work has identified several general properties of viral entry and virus-induced cell fusion. Specifically, a correlation between the route of viral entry and conditions necessary for syncytium formation has been noted. Viruses, such as HIV-1, that enter cells via a pH-independent route are able to induce syncytia at a neutral pH, but those, such as influenza virus, that enter via a low-pH-dependent pathway (endosomal route) require a low pH to induce syncytium formation (16, 37) .
To study the route of MuLV entry, Anderson and Nex0 (2) used drugs that alter the pH of endosomal vesicles. This study showed that the entry of MuLVs into murine SC-1 cells is inhibited by lysosomotropic agents, suggesting a low-pH requirement for MuLV cell entry. A study with a mouse (Mus dunni) tail skin cell line suggested that MuLV entry is inhibited by a low pH (29) . Recently, another study with lysosomotropic agents concluded that MuLV entry is pH dependent in several murine cell lines but that in the rat cell line XC, MuLV entry is pH independent, suggesting that alternate routes can be used for cell entry (26) . MuLVs are capable of causing fusion from without in several rat cell lines, even when the virions have been rendered noninfectious, and this fusogenic function can be blocked by the addition of antisera specific for the env-gp (43, 44 None (mock) None <1 3 2 a In each experiment, the score from the plates with the largest number of syncytia (pJJ422, containing the HCMV promoter-enhancer driving the expression of wild-type AKV env) was set at 100, and the number of syncytia detected in the other cultures was expressed relative to this value. A total of 637, 318, and 502 syncytia per pg were detected in cultures transfected with pJJ422 in experiments 1, 2, and 3, respectively.
b The env region used for these constructions was derived from pEF38 (10 (Fig. 1) . Immunoprecipitations with anti-SU antisera of lysates from XC or NIH 3T3 cultures labeled with either tritiated glucosamine hydrochloride (lanes 5 and 11) or tritiated mannose (lanes 6 and 12) showed that both pre-env and SU incorporated the label, indicating the presence of this sugar on both forms in both cell types. Consistent with previous reports (10), tritiated fucose was not detected in the pre-env (85-kDa) band in lysates isolated from NIH 3T3 cells (lane 4). In contrast, fucose was incorporated into pre-env in XC cells (lane 10) , showing that the two cell types do have different patterns of glycosylation. The similarity in the apparent mass of the pre-env band (85 kDa) in both cell types and the large difference in the apparent mass of the SU band (70 kDa in NIH 3T3, lanes 4 to 6, or 50 to 55 kDa in XC, lanes 10 to 12), apparent in Fig. 1 , are discussed further below.
We also examined the env-gp produced in the presence of DMM. DMM prevents mannosidases from trimming the high-mannose side chains of glycoproteins, thereby preventing complex glycosylation (12, 13 (11) , that charge profile analysis of these proteins has identified two regions that contain hydrophobic amino acids and that correspond to the putative fusion peptide (hatched boxes) and the transmembrane domain (checkered boxes). (B) Alignment of the amino acid sequences of the putative fusion peptides of the env-gp of AKV and HIV-1 indicates that little or no sequence identity exists. The protein sequence corresponding to the SU-TM cleavage site (indicated by the striped arrow) and the single-letter symbols corresponding to the amino acids at the amino terminus of the TMs of a representative HIV-1 isolate (30) and AKV are shown. Identical residues are emphasized by inclusion of an asterisk between the sequences. Although there is relatively little sequence conservation, the regions extending carboxy terminal to the cleavage point are generally hydrophobic, and no charged residues are present, with the exception of the first amino acid of the TM of MuLV AKV, which is glutamic acid (E). A series of conservative and nonconservative mutations were introduced into the AKV TM by site-directed mutagenesis (indicated by the solid arrows and single-letter amino acid symbols below the AKV sequence). The mutations are identified by the amino acid position in mature TM followed by the single-letter code of the amino acid in the wild-type env-gp (deduced from the published nucleotide sequence of p623 [19] ) and the single-letter code of the amino acid in the mutated construct. For example, the glutamic acid residue at position 1 was changed to an alanine residue, and the mutation is referred to as 1EA. and Methods, directed mutations were introduced at several positions in the putative fusion peptide of the AKV env-gp (Fig. 3B) . In general, the mutations were intended to change the hydrophobic nature of the region; however, conservative changes were also introduced at several positions. Since the largest number of syncytia was observed with the HCMV promoter-enhancer env combination, the mutated env genes were cloned into the HCMV promoter-enhancer expression vector (Table 1) . Fusion assays were carried out as described above (Fig. 4) .
Mock-transfected cultures as well as those transfected with the expression vector containing the pEF38 env region, which was previously shown to be fusion defective because of a cleavage defect (10) , showed background levels of syncytium formation (Fig. 4) . A nonconservative substitution at position 1 (1EA) made the region more hydrophobic and thus more like the fusion peptides of other fusogenic viruses. This mutation, however, reduced syncytium formation somewhat. We also made a change at position 2 that was subtle with respect to charge but might be expected to alter secondary structure (2PA). As shown in Fig. 4 To confirm that these results were not due to gross alterations in the level of expression of the env-gp or to defects in proteolytic cleavage or glycosylation, we immunoprecipitated proteins from transiently transfected,
[35S]cysteine-labeled XC cultures with anti-SU antisera. The result of a representative experiment is shown in Fig. 5 . The env expression constructs expressed comparable levels of env-gp (lanes 2 to 13), and the fluctuations in the amounts of protein detected in various lanes for this experiment and two repeat experiments do not seem to be reproducible. Additionally, the fluctuations in syncytium formation and pre-env or SU immunoprecipitated in a given experiment do not seem to be correlated, so we conclude that the fluctuations are not significant. With the exception of the EF38 env-gp, which, as expected, was not proteolytically cleaved (lane 3), all pre-env and SUs comigrated, indicating that proteolytic processing and glycosylation were not significantly affected by the introduction of the TM point mutations. It is possible that 32AR (lane 11), which showed high levels of fusion (Fig.  4) , reproducibly exhibits a slightly elevated ratio of SU to PR. It is also formally possible that some of the mutations affect SU-TM association or receptor binding. The cell surface expression of the env-gp containing point mutations potentially could have been compromised; however, since a cleavage-defective AKV env-gp was incorporated into virus particles only fourfold less efficiently than the wild-type env-gp (10) and we presented biochemical evidence that protein production was not grossly compromised in our experiments, a defect in cell surface expression seems unlikely. Thus, the measured level of syncytium formation for the various mutant env-gps is likely to reflect the specific alteration of a fusion function rather than a more general perturbation of protein processing or maturation or a gross alteration of secondary structure caused by the introduction of the mutations. These results are consistent with the idea that this region plays a role in cell-to-cell fusion induced by MuLV env-gp. J. VIROL.
DISCUSSION
In this study, we directly addressed the ability of the env-gp of MuLV AKV expressed on the cell surface to induce syncytium formation (fusion from within). env-gp expression vectors were constructed so that the other viral proteins would not be expressed. We showed that transfection of cultures of permissive (XC) cells with vectors that express env (but not the other viral genes) resulted in efficient syncytium formation. Similar experiments with NIH 3T3 cells, which are nonpermissive for the induction of syncytium formation by ecotropic env-gp under normal culture conditions, did not result in the induction of syncytia, consistent with the results of previous studies (32, 35) . We were unable to transfer a fusogenic agent between cultures of susceptible cells by transferring the culture medium; therefore, virus particles or released env-gp were probably not responsible for the syncytium formation that we observed. In our experiments, XC cell syncytia were induced by the expression of the AKV env-gp at a neutral pH. Since virus-induced syncytium formation at a neutral pH is correlated with pH-independent cell entry, our results offer indirect support, derived from an alternative experimental approach, for the conclusion of McClure et al. (26) that the route of entry is pH independent in XC cells.
A virus-free MuLV fusion assay system was developed and used to characterize a proposed functional domain of the MuLV AKV env-gp. We believe that this system is superior to systems that use replication-competent virus for the characterization of env functions. Introduced env mutations may affect many aspects of the viral replication cycle, such as viral spread, resulting in an amplification of the differences detected between wild-type and mutated clones. Additionally, the high rate of mutation associated with retroviral replication (5) results in the rapid reversion of a point mutation at the SU-TM junction of env in a closely related virus (36) . We used the virus-free assay system to characterize the effects of several mutations in the putative fusion peptide of the TM portion of the AKV env-gp. Several nonconservative changes in this region resulted in the loss of fusion activity. A relatively small reduction in syncytium formation was observed following the introduction of conservative changes in this region. These results are consistent with the results reported for mutations in the fusion peptides of simian immunodeficiency virus and HIV-1 (4, 7, 9) . A series of polar residues are located adjacent to the fusion peptide of HIV-1. An alteration in this region has been shown to affect fusion induced by the HIV-1 env-gp (9) . We report here that several mutations in the corresponding region of the MuLV env-gp reduced but did not abolish fusion activity. Interestingly, a radical change in this region (32AR) resulted in levels of fusion at least as high as those observed for wild-type cultures. Since the amino-terminal hydrophobic region of AKV TM is quite long, this mutation may have simply shifted the position of the polar border without compromising fusion activity. Finally, we present biochemical evidence that protein production was not grossly compromised in our experiments. Our data support the identification of this series of hydrophobic amino acids at the amino terminus of pl5E as the fusion peptide of AKV.
Examination of env-gp expressed in transfected XC cells indicated that mature SU expressed from these cells was much smaller than expected. We showed that the level and pattern of glycosylation of the AKV env-gp were different in XC and NIH 3T3 cells. We also showed that the difference in the apparent molecular mass of SU in the two cell types was largely, if not entirely, due to differences in glycosylation rather than differential proteolytic processing.
The observed correlations between the decreased glycosylation of MuLV env-gp and the increased induction of syncytium formation in XC cells and between the increased glycosylation of MuLV env-gp and the decreased fusogenicity in NIH 3T3 cells are intriguing, particularly in the context of several previous reports on MuLV-induced cell fusion. Anderson (1) reported that a brief trypsin treatment of virions resulted in the release of peptides and "high molecular weight material containing glucosamine." Protease treatment enhanced syncytium formation in a cell line that normally did not show ecotropic MuLV-induced cell fusion, leading to the speculation that the proteolytic cleavage of viral surface components during cell entry plays a role in infection (3) . MuLV pools isolated from murine cell lines that were rendered noninfectious by UV irradiation could still induce syncytium formation in XC cell cultures (43, 44) . It is tempting to speculate that some cell lines, such as XC, may express a cell surface enzyme, such as a protease or a glycosylase, that could modify MuLV env-gp and thereby enhance its fusogenicity. However, many other factors could be responsible for the ability of ecotropic MuLV env-gp to induce syncytium formation in XC cells but not most murine cell lines under normal conditions. These include differences in cell membrane composition, level of the viral receptor expressed at the cell surface, levels of other interfering cell surface components, the presence of other modifying enzymes on the surface of XC cells but not NIH 3T3 cells, or species-specific differences in the sequence or modification of the receptor in the two cell types. Further work is required to determine exactly what causes (or perhaps allows) fusion to occur in XC cells.
